Summary Advanced stage prostate cancer is frequently treated with androgen receptor antagonists. Improvement in patients' survival has been achieved with the anti-androgen enzalutamide. However, there may be an increasing number of point mutations of the androgen receptor during therapy. In addition, ligand-independent activation of truncated androgen receptors may occur during anti-hormonal therapy. In prostate cancer, there is also an increased expression of coactivators and decreased expression of corepressors, thus, contributing to the disease progression. Stromal factors such as interleukins also contribute to therapy resistance. Although preclinical studies with anti-interleukin-6 antibodies opened new possibilities for treatment of prostate cancer, clinical trials have not demonstrated a survival benefit. Increased expression of glucocorticoid receptor has also been associated with advanced prostate cancer. Thus, one can consider the administration of glucocorticoid receptor antagonists in addition to anti-androgens. Stem cells have been described either after androgen treatment or androgen ablation or as a consequence of long-term use of drugs. Taken together, multiple experimental studies provided evidence on the mechanisms that limit usefulness of anti-androgens in prostate cancer.
Introduction
Anti-hormonal therapy for prostate cancer is based on reduction of concentration of circulating androgens and/or blockade of androgen receptor (AR). The AR is present in prostate tissue as wild-type or truncated protein. The wild-type protein contains the N-terminal region, which may have a different number of CAG repeats, the DNA-binding domain, and the ligand-binding domain. Research on truncated AR proteins has been the focus of studies on prostate cancer [1] . A lower number of CAG repeats is associated with a higher transcriptional activity of the receptor. Physiologically, the wild-type AR is activated by ligands (testosterone or dihydrotestosterone) and translocates to the nucleus thus regulating cellular proliferation, apoptosis, and differentiation. Induction of the prostate cancer biomarker prostate-specific 136 Resistance to anti-hormonal therapy in prostate cancer K short review antigen (PSA) by AR ligands is frequently considered an indicator of functional activity of the androgen signaling pathway. Either domain of the AR may interact with coactivators or corepressors, proteins which, following ligand binding, enhance or diminish AR activity. Alterations of coactivator and corepressor expression are frequently observed in human prostate cancer and will be discussed in more detail in this review.
Prostate cancer is increasingly treated not only by urologists but also by experts in medical oncology and radiotherapy. It is therefore important to summarize the most important mechanisms relevant to therapy failure. Alterations in AR activation are commonly investigated in such multidisciplinary studies which could provide some guidance for basic and translational research in the future.
Anti-hormonal therapy in prostate cancer
Numerous pharmacological approaches have been postulated and tested in prostate cancer. In general, these approaches may either target the AR in addition to any other molecule which is overexpressed in the disease. Earlier studies on AR blockade in prostate cancer were based on clinical therapy with hydroxyflutamide or bicalutamide. Those drugs antagonize ligand binding and cause a retardation of cancer cell proliferation. However, there is an obvious compensatory mechanism which is manifested by an increase in AR expression and activity during prolonged androgen ablation [2] . This type of AR regulation may occur in any case of androgen deprivation. More specific alterations are AR point mutations which were described mostly during development of endocrine therapy resistance. Thus, replacement of the amino acid valine at position 715 with methionine leads to increased activation by hydroxyflutamide and adrenal androgens [3] . Another anti-androgen bicalutamide may also induce specific mutations in patients tissue, thus, showing agonistic activity [4] . Clinically, these and similar findings may explain why some patients react to withdrawal of an anti-androgenic drug from therapy by decrease of PSA or clinical improvement. On the basis of all these findings, it was proposed that inhibition of AR expression may provide a benefit in multiple models of therapy-resistant prostate cancer [5] . However, clinical improvement in terms of patients' survival was achieved with the anti-androgen enzalutamide [6] . In functional experiments, it was demonstrated that the mutation F876L is causally responsible for acquisition of agonistic properties of enzalutamide [7] . In terms of clinical diagnostics, this mutation could be used to predict a therapy response to enzalutamide, provided that a sufficient number of clinical samples are available.
Taken together, it seems that AR mutations may occur with any anti-androgen treatment and that prostate cancer cells have developed adaptive mechanisms in order to overcome the effects of androgen withdrawal or anti-androgen treatment.
Clinically relevant AR coactivators
There are a large number of coactivators and corepressors which interact with the AR. A potential difficulty in studies with coactivators is that a loss of one of them may cause a compensatory action of other regulatory proteins. AR coactivators are not specific and they could also regulate activity of other steroid receptors. In this context, it is worthwhile to mention transcriptional integrators p300 and CREBbinding protein (CBP) which are particularly important in prostate carcinogenesis. These proteins are up-regulated by androgen ablation and contribute to activation of the AR by ligands and non-steroidal compounds [8, 9] . These two proteins could also influence prostate cancer progression by up-regulating proliferation in cells which do not express the AR [10] . Another coactivator of major importance in prostate cancer is SRC-1 which is implicated in regulation of proliferation of androgen-sensitive cells and their derivatives representing castration therapyresistant prostate cancer [11] . Mechanistically, it was found that SRC-1 inhibits the expression of the tumor suppressor protein kinase D1 in prostate cancer cells, thus, contributing to prostate tumorigenesis [12] . AR coactivators are appropriate targets for novel experimental therapies, such as small molecules C646 or bromodomain inhibitors in various models of prostate cancer [11, 13] . It is expected that therapeutic targeting will be improved in the future because of an increased number of patient-derived xenografts [14] . It is therefore possible that improved methodologies in laboratory diagnostics will lead to establishment of analytical methods for investigation of a larger number of coactivators that are overexpressed in prostate cancer [15] . Although most studies have focused on coactivators, it should be mentioned that corepressors such as REST may be inactivated in the disease [16] . It was shown that expression of REST is negatively correlated with disease progression. Further mechanistic studies in the area of coregulator inhibitors in prostate cancer are therefore of importance.
Influence of microenvironmental cytokines on anti-hormonal therapy resistance
It is well known that prostate stroma may significantly influence carcinogenesis, as a rich source of cytokines and chemokines. Some of these proteins have been studied by many research laboratories. There is a particular interest in interleukin-6 (IL-6), a molecule highly expressed in advanced cancers. Interleukin-6 is implicated in regulation of AR activity [17] . Interleukin-6 regulates cellular events in prostate cancer through activation of the signaling pathway of Janus kinase/signal transducers and activators of transcription (STAT) factors which are increasingly phosphorylated in the disease. For this reason, molecules which target the STAT3 and AR pathways such as galiellalactone may be considered for future preclinical and clinical studies. It was shown that galiellalactone has a strong inhibitory effect on STAT3 in DU-145 xenografts [18] . In this context, the approach with anti-IL-6 antibodies has been tested in prostate cancer in vitro and in vivo [19, 20] . Interestingly, preclinical results have supported use of the antibody for future studies at the time when they were performed. On the other hand, clinical studies have been carried out with patients who previously received other therapies for prostate cancer [21, 22] . Those results suggest that clinical trials may consider in the future some important findings from experimental studies which include timing of therapy and drug combinations. One cannot exclude the fact that earlier administration of anti-IL-6 drugs in prostate cancer may lead to a more favorable clinical response.
In addition to IL-6, other cytokines such as IL-8 have been implicated in therapy resistance and multiple mechanisms responsible for its effect have been described in the literature [23] . Progression towards enzalutamide therapy resistance could be facilitated in the presence of chemokine receptors such as CXCR7, as evidenced in several models [24] . Action of ILs is under control of endogenous suppressors of cytokine signaling and protein inhibitors of activated STAT. Although they have a role in the control of the JAK/STAT pathway they could at the same time cause cell cycle progression or inhibit apoptosis [25, 26] .
Not only the AR but also other nuclear receptors are involved in prostate cancer progression. For example, in castration therapy-resistant prostate cancer there is an increased expression of glucocorticoid receptor [27] . Those results imply that therapeutic inhibition of the glucocorticoid receptors may be necessary to overcome inhibition of anti-hormonal therapy.
Role of stem cells in anti-hormonal therapy
For a long period of time, it has been postulated that increased stemness of prostate cancer cells which appears during therapy. Cellular stemness is associated with increased expression of molecules being responsible for epithelial-to-mesenchymal transition, such as N-cadherin or vimentin. Different results whether androgen ablation stimulates or inhibits epithelial-tomesenchymal transition in prostate cancer were published in the literature and the reasons for that have not been clarified so far [28, 29] . Increased stemness was observed in prostate cancer cells after long-term treatment with docetaxel, thus, pointing to appropriate selection of drugs and choosing additional targets [30] .
Conclusions and future directions
This overview of mechanisms relevant to therapy failure in prostate cancer clearly shows that the mechanisms may be AR-dependent and -independent. Since multiple mutations of the AR have been described in patients' tissues, this fact opens the possibility for improved molecular diagnostics. Because of the nature of prostate cancer and clinical course, it may be important to identify these mutations in order to decide on the administration of an appropriate anti-androgen. It is also very important to assess the levels of oncogenes which are up-regulated during androgen ablation, in particular because of they could enhance AR activity. Anti-hormonal therapy in prostate cancer may be in addition associated with increased expression of truncated AR which do not need a ligand to become activated. Finally, there is increased evidence that stem cells which appear during therapy are difficult to target.
It may be however possible to improve the treatment depending on profiling of signaling pathways, identification of novel targets and design of novel pharmaceutical inhibitors, such as small molecule drugs. It should be therefore appreciated that there has been a major effort to improve prostate cancer modeling. Whereas in the past, only a small number of cell lines was available, there are new experimental procedures allowing us to study tumor biology with organoids, explants and patient-derived xenografts.
Ongoing and future clinical trials should therefore exactly clarify advantages and disadvantages of different measurements of expression of truncated ARs in prostate cancer because their prognostic significance has not been completely established [31] . In this context, clinical trials in prostate cancer include the N-terminal domain inhibitors and may be particularly important to inhibit truncated constitutively active receptors [32] . Targeting endocrine therapy resistance may be also improved on the basis of the use of programmed cell death (PD)-1 inhibitors during progression on enzalutamide [33] .
Taken together, it is necessary to discuss translational studies and clinical trials on the basis of findings summarized in the present review.
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